More than 32,000 patients are diagnosed with pancreatic cancer in the United States per year and the disease is associated with very high mortality 1 . Urgent need exists to develop novel clinically-translatable therapeutic strategies that can improve on the dismal survival statistics of pancreatic cancer patients. Although gene therapy in cancer has shown a tremendous promise, the major challenge is in the development of safe and effective delivery system, which can lead to sustained transgene expression.
. The p53 mechanism functions as a critical signaling pathway in cell growth, which regulates apoptosis, cell cycle arrest, metabolism and other processes 10 . In pancreatic cancer, most cells have mutations in p53 protein, causing the loss of apoptotic activity. With the introduction of wt-p53, the apoptosis could be repaired and further triggers cell death in cancer cells 11 . Based on the above rationale, we have designed EGFR targeting peptide-modified thiolated gelatin nanoparticles for wt-p53 gene delivery and evaluated delivery efficiency and transfection in Panc-1 cells.
Video Link
The video component of this article can be found at http://www.jove.com/video/3612/ Protocol 1. Preparation of Plasmid DNA Encapsulated EGFR-Targeted Gelatin Nanoparticles 1 . Synthesis of thiolated gelatin 1. Thiolated gelatin were synthesized as previous method [2] [3] [4] [5] , by covalent conjugation with 2-iminothiolane on primary amino groups of type B gelatin. 1 gram of gelatin was dissolved in 100 ml deionized water and incubated with 20 mg 2-iminothiolane hydrochloride at room temperature for 15 hours. 2. Unreacted reagent was removed by dialysis against 5 mM HCl solution, followed by 1 mM HCl solution for 3 hours each. Purified thiolated gelatin was freeze dried and stored at 4°C for further use.
Characterization of EGFR-Targeted Nanoparticles
1. Particle size and zeta potential measurement Nanoparticles were suspended in water with concentration of 1mg/ml. Suspension was analyzed using Zetasizer Nano (Malvern Inc). Particle size analysis was carried out at a scattering angle of 90 degrees at 25°C. Zeta potential was measured at default parameters of dielectric constant, refractive index and viscosity of water at 25°C.
Scanning Electron Microscopy
Lyophilized nanoparticles were mounted on aluminum sample mount and sputter-coated with palladium to enhance conductivity and minimize buildup of charges. Samples were observed for surface morphology under a Hitachi 4800 field emission scanning electron microscope at 3 kV.
Electron spectroscope for chemical analysis (ESCA)
Freeze-dried formulation of control, PEGylated and peptide modified nanoparticles were analyzed by ESCA. It was performed at the National ESCA and Surface Analysis Center for Biomedical Problems (NESAC/BIO), University of Washington (Seattle, WA). 1. Samples were placed in ultrahigh vacuum and exposed to low-energy x-ray beam, which induced an emission of secondary photoelectrons from the surface. 2. By plotting number of detected electrons as a function of binding energy, observed spectrum peaks were assigned to each chemical components. 3. High-resolution analysis of C1s spectra was performed to determine exact chemical composition from hydrocarbon (C-C or C-H at 285mV), ether (C-O) at 286.4mV), and carbonyl (C=O at 288.1 mV), and relative composition of each functionality was determined by area under curve.
Stability of encapsulated plasmid
The stability of the encapsulated plasmid DNA was confirmed by running the extracted DNA on pre-cast gels. The nanoparticles were digested with 0.2 mg/ml protease containing PBS (30 min at 37°C) and 0.2 U/ml DNAse (10min at room temperature) separately, simultaneously or sequentially. Samples were then loaded onto 1.2% agarose gel (GP) (E-Gel, Invitrogen, CA) at a concentration of 100ng/ well in a 18μL volume per well. Naked plasmid was loaded as control and gel was run at 75 V for 30 minutes. Kodak Digital X-ray Specimen (DXS) System was used to visualize bands with UV transluminescence.
Determination of plasmid loading
Plasmid encapsulated nanoparticles were suspended at 1mg/ml and digested with 0.2mg/ml protease at 37°C for 30 minutes. Solution was centrifuged at 13,000 rpm for 10 minutes and supernatant was collected and tested for plasmid concentration with Picogreen assay (Invitrogen). Encapsulation ratio was calculated by dividing the encapsulated plasmid concentration with the initial loading 0.5% (w/w).
In Vitro Transfection Studies in Panc-1 Pancreatic Cancer Cells
1. Cell culture conditions Panc-1 and Capan-1 pancreatic adenocarcinoma cell lines, SKOV3 ovarian adenocarcinoma cell line and NIH-3T3 murine fibroblast cell line were obtained from ATCC. Panc-1 and NIH-3T3 were grown with DMEM supplied with L-glutamine, Pen-strep and 10% fetal bovine serum at 37°C and 5% CO 2 , while Capan-1 required DMEM supplied 20% fetal bovine serum. SKOV3 was grown in RPMI-1640 supplied with 10% fetal bovine serum. 2. Western blot analysis for EGFR expression 1. Cell lysates were collected from 2 million cells and analyzed for total protein concentration using BCA assay (Pierce). NIH-3T3 was used as negative control and SKOV3 was used as positive control for EGFR expression. 2. 10 μg of total protein extract was run on pre-cast sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) system at 135V for 90 minutes. 3. Subsequently, gel was transferred onto PVDF membrane by iBlot Dry Blotting System (Invitrogen). 4. Membrane was blocked with 5% non-fat milk in Tween-containing Tris buffer saline (TBS-t) for 1 hour at room temperature. 5. Membrane was cut and incubated with 1:1,000 dilution of primary rabbit beta-actin antibodies and 1:1,000 dilution of primary rabbit EGFR antibodies separately overnight at 4°C. 6. Membrane was then washed twice with TBS-t and incubated with 1:2,000 dilutions of secondary anti-rabbit horse-radish peroxidaseconjugated IgG in TBS-t for 1 hour at room temperature. 7. After rinsing excess antibodies with TBS-t and water, 4 ml ECL substrate (Pierce, Rockford, IL, USA) was added and incubated with membranes for 5 minutes. 1. Panc-1 cells were grown in 96-well plates at 10,000 cells per well in 200μL of supplemented DMEM overnight. 2. Growth medium was replaced with serum free media containing different concentrations of nanoparticles with 0, 0.5, 1, 2, 4, 6 mg/ml. 1mg/ml PEI, a known cytotoxic cationic polymer, was used as positive control. 3. Cells were treated with 200μL nanoparticles for 6 hours and then replaced with 20μL MTS reagent and 100μL complete culture media. 4. After post incubation for 3 hours at 37°C in 5% CO 2 , the absorbance of formazan product was measured at 490nm with Biotek
SynergyHT plate reader (Winooski, VT). 5. The percent viability of cells was expressed as the ratio of absorbance of polymer treated cells relative to negative control (0mg/ml) multiplied by 100 and plotted as function of polymer concentrations.
4. Cell trafficking studies 1. Rhodamine B isothiocyanate (RBITC) was used to conjugate on thiolated gelatin by reaction with amine group. After dialysis and lyophilization, RBITC labeled thiolated gelatin was used for nanoparticles preparation. 2. Before desolvation, 25μL PicoGreen was mixed with 1mg plasmid for 1 minute and labeled plasmids were added to gelatin solution.
Different formulations were made following the previous method. 3. Panc-1 cells were grown in 6-well plates containing glass cover-slips with 200,000 cells per well. After overnight growth, 2ml of labeled nanoparticles were treated into each well with concentration of 1mg/ml in serum free medium. 4. After different time points, from 15 minutes to 6 hours, medium was replaced with culture medium containing 1μg/ml of Hoest 33342 (Invitrogen) for 15 minutes incubation at room temperature. 2ml of 4% paraformaldehyde solution was replaced into each well to fix cells. Cells were then washed with PBS twice. 5. Coversilps were mounted on to glass slides. Laser scanning confocal fluorescence microscopy was used to take images of fixed cells.
5. Qualitative determination of transfection efficiency by fluorescence microscopy with pEGFP-N1 encapsulated nanoparticles 1. pEGFP-N1 plasmids were encapsulated into nanoparticles and suspended in serum free media with concentration equivalent to 10μg plasmids per ml for further treatments. 2. Panc-1 cells were grown overnight in 6-well plates containing glass cover-slips with 200,000 cells per well. 2ml of pEGFP-N1 plasmids encapsulated nanoparticles were treated into each well. 20μg of plasmids were mixed with 20μl Lipofectin, cationic lipid transfection reagent, and it was used as positive control, while untreated cells were used as negative control. 3. Cells were incubated with different formulations for 6 hours. 4. Medium was replaced with culture medium and cells were post-transfected for 24, 48, 72 and 96 hours. 5. After post-transfection, medium was replaced with culture medium containing 1μg/ml of Hoest 33342 (Invitrogen) and incubated with cells for 15 minutes at room temperature. 6. Coverslips were mounted onto glass slides and expression of GFP in the cells was observed by fluorescence microscope. Differential interference contrast (DIC) and fluorescence images acquired using Olympus BX61 microscope and digital images were processed with Image J software.
6. Quantitative determination of transfection efficiency by ELISA with pEGFP-N1 encapsulated nanoparticles 1. pEGFP-N1 plasmids were encapsulated into nanoparticles and suspended in serum free media with concentration equivalent to 10μg plasmids per ml for further treatments. 2. Panc-1 cells were grown overnight in 6-well plates with 200,000 cells per well. 2ml of pEGFP-N1 plasmids encapsulated nanoparticles were treated into each well. 20μg of plasmids were mixed with 20μl Lipofectin, cationic lipid transfection reagent, which was used as positive control and untreated cells were used as negative control. 3. Cells were incubated with different formulations for 6 hours. 4. Medium was replaced with culture medium and cells were post-incubated for 24, 48, 72 and 96 hours. 5. After post-transfection, cell lysates were collected from each well and analyzed for total protein concentration using BCA assay (Pierce). 6. well plate was coated with 100μl of 1:1000 dilutions of monoclonal anti-GFP antibodies in each well. After 2 hours incubation, plate was washed with PBS-0.5%(w/v) Tween-80 for 4 times. 7. 300μl TBS blocking buffers were added into each well and incubated for 2 hours. Then plate was then washed with PBS-0.5% (w/v) Tween-80 for 4 times. 8. 30μg of proteins of each group were added into the plate and incubated overnight at 4°. Then plate was then washed with PBS-0.5% (w/v) Tween-80 for 4 times. 9. 100μl of 1:2400 dilutions of secondary anti-GFP antibodies relative to alkaline phosphatase were added to each well and incubated for 1 hour. Then plate was then washed with PBS-0.5% (w/v) Tween-80 for 4 times. 10. 100μl alkaline phosphatase substrates were added to each well and incubated for 30 minutes to 1 hour. Plate was measured with BioTek Synergy HT plate reader for absorbance at 405nm. 11. Expressed GFP concentration was reported as nanograms per milligrams of total protein.
7. Qualitative determination of transfection efficiency by RT-PCR with wt-p53 plasmid encapsulated nanoparticles 1. Wt-p53 plasmids were encapsulated into nanoparticles and suspended in serum free media with concentration equivalent to 10μg plasmid per ml for further treatments. Based on the fluorescence microscopic images, the intensities of all colors was recorded and plotted versus counts and the percentages for different populations were calculated. 7. Compared to the negative control, which means there was no treatment for the cells, the apoptotic cells fold changes were calculated out and listed in the graph. 8. 3.8.8 Apo-ONE Homogeneous Caspase-3/7 Assay kit (Promega, Madison, WI) was used to examine the pro-apoptotic activity after transfection of wt-p53 plasmid. 1mg/ml PEI was used as a negative control to eliminate all the apoptotic activity. After post-transfection, cells were treated with rhodamine 110, bis-(N-CBZL-aspartyl-L-glutamyl-L-valyl-L-aspartic acid amide; Z-DEVD-R110), which is a substrate of caspase 3/7, for up to 18 hours. 9. Plate was measured with BioTek Synergy HT plate reader for fluorescence at 490/520 nm. Based on the intensity of green fluorescence, pro-apoptotic activity could be evaluated.
Representative Results

Synthesis and Chatacterization of EGFR Targeted Nanoparticles
EGFR targeting peptide-modified nanoparticles were synthesized as the scheme showed in figure 1 . The nanoparticles prepared by desolvation were characterized for particle size and zeta potential. The average size and surface charge of the particles prepared from thiolated gelatins with different degrees of thiolation are listed in Table 1 . The mean particle diameters of different nanoparticles were between 150-250 nm. Thiolated nanoparticles have smaller size compared to gelatin nanoparticles, might due to the disulfide bridge formation inside particles. With different surface modifications, sizes of nanoparticles have increased. The zeta potentials of different formulations were around -20 mV. With SEM analysis, the sizes, surface morphology and spherical shape of nanoparticles were observed and corresponding to Zetasizer result. DNA loading efficiencies in gelatin nanoparticles and thiolated gelatin nanoparticles were higher than 95% (Table 1 ). Table 2 showed peak intensities of the C-H (hydrocarbon), C-O (ether), and C=O (carbonyl) groups at 285.0, 286.3, and 288.1 eV, respectively. The ether C-O signal has increased after PEG modification and decreased after peptide conjugation. While nitrogen composition has decreased after PEG modification and increased after peptide modification, which confirmed the presence of EGFR-targeting peptide on the nanoparticles. ESCA analysis has further confirmed PEG and peptide surface modification. In order to examine the stability of encapsulated plasmid, nanoparticles were treated with protease or DNAse separately, simuntaneously or sequentially. After electrophoresis, the results in Figure 2 have shown that plasmid DNA encapsulated in all the nanoparticles are protected by nanoparticles and stable, comparable to naked plasmid DNA. These studied have shown that all these nanoparticles could encapsulate and preserve the plasmid structure after encapsulation. Figure 2 . Stability of plasmid DNA encapsulated in thiolated gelatin, PEG-modified thiolated gelatin, and EGFR peptide-modified thiolated gelatin nanoparticles by agarose gel electrophoresis. The nanoparticles were treated with 0.2 mg/ml of protease to prove plasmid DNA encapsulation within the nanoparticle matrix
Characterization of Nanoparticles
Electron Spectroscopy for Chemical Analysis of Nanoparticles Surface composition
Baseline EGFR Expression in Pancreatic Cancer Cells
Two human pancreatic adenocarcinoma cell lines (Panc-1 and Capan-1) were analyzed by western blot for EGFR expression. Human ovarian adenocarcinoma (SKOV3) and murine fibroblast ((NIH-3T3) cells were chosen as positive and negative controls, respectively. Beta-actin was analyzed as protein loading control. Panc-1 cells have shown higher EGFR expression compared to Capan-1 and this cell line was then used for the following in vitro studies
Cytotoxicity of Control and Surface-Modified Thiolated Gelatin Nanoparticles
In order to evaluate the cellular interaction of nanoparticles, cytotoxicity assays were carried out after treatment with nanoparticles. Based on the results in Figure 3 , both the control and the surface-modified nanoparticles were relatively safe and biocompatible in Panc-1 cells even at high concentrations, with comparison to PEI. The following studies were carried out with 1mg/ml nanoparticles. 
Receptor Mediated Cell Uptake in Panc-1 Cells
To confirm surface accessibility of EGFR-targeting peptide and receptor-mediated endocytotic uptake of nanoparticles, a system was designed by labeling each component with different fluorescence for visualization of nanoparticles uptake and trafficking in cells. With this labeling system, plasmid DNA, nanoparticles and cell nucleus could be identified. Laser scanning confocal fluorescence microscopy was used to take images at different time points, from 15 minutes to 6 hours. By comparing the images of different formulations, peptide conjugated gelatin nanoparticles showed the fast uptake and plasmid release within 30 minutes. This result further proved that EGFR peptide-conjugated nanoparticles underwent facilitated endocytosis with quick interaction between the EGFR specific peptide and EGFR receptors on cell surface, which was much faster, compared to other nanoparticles, which underwent non-specific endocytosis. 
Cell Trafficking Study
Qualitative and Quantitative In Vitro Transfection with Enhanced Green Fluorescent Protein
ELISA in Figure 5 and fluorescence microscopic analysis in Figure 6 were used to measure qualitative and quantitative GFP tranfection efficiency in Panc-1 cells upon administration of unmodified, PEG-modified and EGFR peptide-modified thiolated gelatin nanoparticles. Plasmids delivered by EGFR-targeted nanoparticles resulted in the highest level of GFP expression after 48 hours relative to other controls, including Lipofectin-complexed DNA. Since p53 could induce apoptosis in cells and in order to accomplish this function, many downstream transcription factors would be involved and directly regulated by expression of wt-p53. Among them, Bax, caspase-3, caspase-9, DR5, PUMA and Apaf-1 would be up-regulated by expression of p53 and while Bcl-2, survivin would be down-regulated. In order to examine the levels of these transcription factors, mRNA was extracted from Panc-1 cells after 48 hours post-transfection and used for RT-PCR. The products were evaluated with gel electrophoresis and bands were analyzed with ImageJ. Based on the results showed in Figure 7 , survivin decreased significantly with the treatment of EGFR targeted thiolated gelatin nanoparticles compared to other treatments, no obvious change was seen in Bcl-2, Bax and expression of caspase-3, caspase-9, DR5, PUMA and Apaf-1increased with targeted nanoparticles treatment. 
Discussion
Control and EGFR targeted thiolated gelatin nanoparticles were prepared with efficient DNA encapsulation and stability. The particle sizes of all of these systems were in the range of 150-250 nm in diameter. Zeta potential has proved that this system is a slightly negative system. With SEM analysis, the sizes of nanoparticles were the same with Zetasizer result. ESCA analysis could confirm PEG and peptide surface modification.
Western blot analysis showed that Panc-1 cells had a high EGFR expression levels and this cell line was used for the in vitro studies. Both the control and the surface-modified nanoparticles were relatively less cytotoxic in Panc-1 cells as compared to PEI.
Cell trafficking studies showed rapid uptake and plasmid release of EGFR-targeted nanoparticles in Panc-1 cells. Delivery of reporter plasmids DNA expressing with EGFR-targeted nanoparticles resulted in highest levels of GFP expression relative to other controls, including Lipofectincomplexed DNA. With the same system, transfection with wt-p53 plasmid triggered the downstream apoptotic pathway and induced rapid apoptosis in Panc-1 cells.
These preliminary results suggest that the EGFR-targeted thiolated gelatin nanoparticles can serve as a safe and efficient DNA delivery system for gene therapy as a treatment for pancreatic cancer.
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